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SUMMARY 


The transonic airfoil CAST 10-2/DOA2 was investigated in several major transonic wind 
tunnels at Reynolds numbers ranging from Re=1.3 x 10 I * * * * 6 to 45 x 10 6 at ambient and cryogenic 
temperature conditions. The main objective was to study the degree and extent of the 
effects of Reynolds number on both the airfoil aerodynamic characteristics and the inter- 
ference effects of various model-wind-tunnel systems. The initial analysis of the CAST 
10-2 airfoil results has revealed appreciable "real" Reynolds number effects on this 
airfoil and, moreover, shown that wall interference can be significantly affected by 
changes in Reynolds number thus appearing as "true" Reynolds number effects. 
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I INTRODUCTION 


The CAST 10-2/DOA2 airfoil, designed by Dornier, has been shown in previous tests to be 

extremely sensitive to changes in the initial boundary layer conditions. The high sensi 

tivity of this airfoil compared to other contemporary supercritical type airfoils is 

demonstrated in FIG.1 where the change in lift with changing transition point location 

is plotted against the transonic similarity parameter T c derived in REF.1. Due to this 
unusual sensitivity, the CAST 10-2 airfoil was selected S by the DFVLR and NASA for a 
cooperative study to consider the following objectives: 
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Assessment of the degree and extent of the «“®^s of Reynold, nu^er on 
both the aerodynamic characteristics of the airfoil and the lnterfe 
effects of various model-wind-tunnel systems. 

Correlation of the results obtained in the Langley 0.3-m Transonic Cryogenic 
Tunnel (TCT) with results from other major facilities. 

Evaluation of current analytical and experimental techniques to account for 
wall interference effects over a wide range of Reynolds numbers. 


Since the evaluation of analytical and experimental correction techniques has no e 

progressed sufficiently, we will concentrate here on the ^ t^inalvsis^ as well H 

must, furthermore, be considered as an interim report since the data analysis as wen a 

the experimental program are continuing. 


II EXPERIMENTS 

The CAST 10-2 airfoil and characteristic airfoil related data are presented In FIG. 2. 
Further Inforn^t lo^concernln^th. in the DFVLR 

Transonic Wind Tunnel Gdttlngen (TKG) 1 3 1 .the DFVLR Transonic Wind 

(TWB) (4|, the Lockheed Georgia Compressible Flow Wind Tunnel 1 -wind -tunnel 

Lanalev 0.3-m Transonic Cryogenic Tunnel (TCT) 1 6 1 • Th® matrices of roo e 

system parameters and test conditions considered in the program . h *’* 9 b *'" ®el-Cldth to 
have included tunnel-height to model-chord ratios ranging from « to 8, u h In 

model-chord ratios between 1.3 and 5 and slotted and P^^ed test ™ 

the 0.3-m TCT phase of the studies, two models with chord lengths of 15 . • 

were tested with and without boundary layer control 1 ) to enable a ' Obtained 

interference effects in the same tunnel as well as by comparisons with results ^ta 
in other test facilities. The study included tests at subsonic and ^anionic 
over a large angle-of-attack range. Note, that the overall scope qf the »^dy y 

been expanded to include a cooperative effort with the JNERA to Crvoqenlc Self- 

model provided by that institution in the ONERA T2 and the NASA 0.3-m TCT Cryogenic sen 

Streamlining Wall Facilities. 

FIG. 3 illustrates the broad two-dimensional Reynolds number and Mach number lu 
provided by the test facilities utilized during the present CAST 10-2 studies Traditionally, 
the transport aircraft design trend, shown by the solid curve, has ®*t*^® h ®* “ P ^* 

r „ars£s. - ™ ™ 

capability for the forthcoming CAST 10-2 self-streamlining wall testa. 

Both the model-wind-tunnel system and test condition variables considered JLnthe P^ esent 
program have been very extensive. Some of the major effects of these 
addressed in the following sections of this paper. 


Ill ANALYSIS OF EXPERIMENTAL RESULTS 

The wind-tunnel results obtained with the CAST 10-2 airfoil models have shown some rather 
surprising and unexpected characteristics. For Instance, the extreme sensitivity of the 
airfoil to tunnel wall effects and, as mentioned in the Introduction, 

viscous- lnvi sc id interactions on the airfoil is manifested In what might be considered to 

an unisull variation of lift with angle-of-attac>c supercritical Mach number conditions. 
This behavior Is Illustrated qualitatively in FIG. 4 which shows at the left the tyP^J; 
effects of model-tunnel systems on the variations of lift with Incidence at a -J^en Reynolds 
number. In general, the supercritical lift behavior Is here characterized by a low angle of 
attack linear lift variation which Is well understood and correctable by approaches suggeste , 
for instance, in REF. 7 and 8. The linear lift region, however. Is followed by non-linear 
lift and flow break-down regions which are highly susceptible to both Reynolds number ef 
and the complicated effects of the integrated model-wind-tunnel system. In addition, since 
the various' model-wind-tunnel arrangements are affected by changes in boundary layer con 
dltion as Integrated systems .changes In Reynolds number will affect the wall interference 
characteristics as well as the aerodynamic characteristics of the airfoil. 

Mon-linear and flow-break-down regions will be examined in more detail to study the com- 
bined effects of model-tunnel system and Reynolds number on the (measured) aerodynamic be- 
havior of the airfoil. Essentially "pure” Reynolds number effects, depicted on the right 
hand side of this figure, will then be considered at conditions believed to be virtually 
unaffected by wall interference. 


•) BLC on the sidewalls upstream of the model 
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COMBINED WALL INTERFERENCE AND REYNOLDS NUMBER EFFECTS 
Non-linear lift 


fi ” fc e * amine in more detail the relationship between the non-linear lift region 
s * dewali interference effects of several model-wind-tunnel systems. In FIG. 5 
lift has been plotted against angle-of-attack for three different model-wind-tunnel con- 
n ^ ^ ^ results are shown for the 152 mm chord airfoil and the 76 mm airfoil in 

the 0.3-m TCT and for a CAST 10-2 model in the Lockheed CFWT facility. For this case, the 
el fnfi er f tGS ^ ed at a supercritical Mach number of 0.73 at a Reynolds number of Re = 

10 X 10 , transition free. The studies have indicated that at this Reynolds number the 
boundary layer is basically turbulent with a relatively stable transition point located 
near the leading edge of the airfoils. 

It will be noted that there is only a small deviation from a linear lift variation for 
th ® la J qe c ^ ord TCT model, denoted by circular symbols. This lift behavior might be con- 
sidered to be normal and expected ; however , the small chord TCT and the CFWT airfoils with 
the substantially higher aspect ratios, i.e. tunnel-breadth to model-chord ratios, show 
a very pronounced non-linear increase in lift. This comparison suggests that in the case 
of the large chord, small aspect ratio TCT model, the tunnel sidewall interference effects 
suppress the non-linear lift increase . This is supported by the spanwise drag distributions 
^u\u lea f^ y d f* onstrate th « degree of three-dimensional effects due to the interaction 
with the sidewall boundary layer. The small insert figures indicate the drag levels 
measured with a "spanwise" wake rake located downstream of the model. The values were 
measured at stations extending from slightly beyond the centerline of the tunnel to the 
tunnel sidewall. In the low incidence case, when the lift variation is fairly linear for 
nZvu there are only small drag variations across the span of the tunnel. 

At the higher angles-of-attack, in the area of appreciable divergence in the linear lift 
behavior large spanwise variations in drag were shown for the lAir^e chord TCT model 
while the spanwise variation in drag for the small chord TCT airfoil is still quite small. 
The large drag decreases noted for the large chord model midway between the tunnel wall 
and centerline are believed to be caused by compression waves originating from the 
separated sidewall boundary layer which locally reduce the shock losses on the airfoil. 

The increase in drag shown near the wall of the tunnel suggests that at this condition 

s e P ara ted boundary layer region extends to a point beyond the pitot probe nearest to 
the wall. Although not as extensive, a similar boundary layer growth process must take 
place for the smaller model. However, the boundary layer "thickening" process here takes 
f th ^ al l ? f ^ hG tu ? nel * Comparing corresponding pressure distributions 
taken for the two TCT airfoils at low and high lift conditions, respectively, FIG 6, 
h °" e "? es that ^ -Large dif ferences in lift at a given angle-of-attack are mainly caused 
by differences in the upper surface shock locations and rear pressure distributions. It 
seems that, while the pressure distribution on the lower surface is not at all affected 

?, UPP fL if pu H ed towards the leading edge due to the interaction 

of the airfoil flow field with the sidewall boundary layer. 

f?*: 7 pr ff ent ® on f he i eft a summary of the deviation from linearity determined from the 
lift results shown in the previous figure. The deviation parameter, AC_ _ , as shown in 

tht S !S etC l\' repr ?f Gnts the lift increment at a given angler-attack between 

the actual li-ft and a linear lift slope variation established by the low lift values. It 
will be noted again that the small chord TCT model and the CFWT model having about the 
same aspect ratio, but different tunnel-height to model-chord ratios display about the 
same maximum deviation from linearity. The onset of the divergence from linearity, i.e , 
the incidence for incipient divergence, however, is different for these two model-wind- 
tunnel system, while there is close agreement in the incidence for the onset of non- 

f*"® a f F FWT and the lar ^ e chord TCT airfoils which have about the same 

thU n 1 h ?, ght to modei-chord ratios. These results suggest that, while the magnitude of 
lift variation is primarily influenced by aspect ratio, the onset of the 
divergence is de P endent on tunnel-height to model-chord ratio and the associated degree 

th« 1 Bmaii nt K rf a r SIlS* C 5 f Ct ?;, The filled triangular symbols reflect data obtained with 
fi 1 ^hord TCT model while applying sidewall boundary layer suction amounting to 
2% of the tunnel mass flow. The increase in the non-linear lift value, although small, 

th f , P fj mi f e u th u t tbe three-dimensional effects caused by the interaction of the 
nwdel flow field with the sidewall boundary layer influence the overall flow development 
^ LT? system in thls ™nge °f lift coefficients. Results concerning side- 

n n he ?‘?7 m TC ! have been reported in REF. 9 for the NASA SCO) 0712 supercritical 
airfoil. Documentation of the CAST 10-2 sidewall BLC study is in progress. ' 

^ fc M e - i n h vs? f t Il i n flg Vn e the maximum non-linear lift parameters, (AC ) , determined 

ad rn? T °- 765 J and Re = 10 x 10° are plotted as a function of model LL max aspect ratio, 
taJfa ; ° ne da ^ a Point, the diamond symbol, has been added here to indicate results ob- 
ba „"f d m in the DFVLR Transonic Wind Tunnel Braunschweig 

I a? ifc r s assumed that the maximum deviation from linearity parameter provides an 

Indication of the extent of three-dimensional wall effects, these results suggest a 
leveling off of wall effects for aspect ratios above about 2.0. This value in aspect ratio 
is in close agreement with the conclusion from other Investigations [7J . 
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in the preceding discussion we addressed some of the major effects of the model-wind- 
tunnel system on will interference effects at a given I^ol 

briefly to the related subject and examine the effects of Reynol hohauinr 

actual airfoil aerodynamic characterietlca aaaoclated *** field. The 

ssvsrs SPSS'S nsmi S~s zx” 

shifts in the point of boundary layer transition. 

4 .K 0 airfnil Tn addition to starting at a much lower value of non-linear lift, 

Se teySiw® iiihSr dependence for the low aspect ratio jSiTKi- 

shown by the circular symbols, is appreciably less n j. ^^"how^L Refolds 

tunnel configuration. This example provides a good illustration as to now pu y 

number effects can be obscured by the complex interaction between the model flow flex 
and the boundary layer development on the test section siaewai 

The attention given thus far to the non-linear lift characteristic of this class of air- 
let u. consider , .econd er.mple, M th. h.ynmld. number 1. 

laver developing on the sidewalls will become thinner if left undisturbed . It mign 
be Y expected then that shock induced sidewall boundary layer ® e .P a j; a **°£ v^decr easing 1 *** 
for the "thinner" boundary layers at the higher Reynolds number thereby g 

resulting three-dimensional effects. 

in FIG 9 we have illustrated the effects of Reynolds number on the spanwise drag ^ ia ' 
l Lon Parameter AC f for the large and the small TCT models. The spanwise drag para- 
meter II defiled in ?f<4 insert sketch, represents the difference between the drag levels 
ItlVurel rt tST tSSn.1 centerline and a station midway 

tunnel sidewall. As shown here, the drag variation across the tunnel _ at low angles o 
attack prior to the onset of any significant non-linear lift effects, is small and 
virtually independent of model-tunnel system and Reynolds number effects. At an 

of 3? 5 degrees , however, at a condition which is well into the range of non-linear 
lift effects there is not only the noticeable influence of the aspect ratio, but also 
somewhat unexpected Increase in spanwise drag variation with ' 

The latter may be related to the downstream movement of the j airf ^L cites 

and the increased shock strength at the higher Reynolds number, ^is illustration cites 
an example where the thinner sidewall boundary layer, at conditions which 

to be more stable and resistant to disturbance, may actually increase three-dimensional ef 
fects by promoting a more severe interaction between the tunnel sidewall and the airfoil 
flow field. 

Maximum lift and drag rise 

s ^ jsarivSas jr.sss^sasrsjrria: tnss’.s aa 

tS r.l.t.d .ff.ot. of ^.l-«uno.l . r t.;. .bd R.,bo a. nubbor. 

let us now examine other characteristics, such as maximum l d cei ii nq of 

Mach number, which may be strongly influenced by the effects of the floor and ceili g 

the test section. 


At the left of FIG. 10, the maximum lift coefficient, — ijnax^vZ ”, ffwt model at 
Mach number for the large and small chord TCT models and the Lockheed CFWT model at 

r^riiirs^^JSi&ss « srws 

™ a “gnUiMnt dlfl.r.nn. In th. .ff.otlv. ff.atb... Mch nuW.r, for th. 
various model— tunnel configurations considered. 

This is confirmed by the results at the right of the figure where the drag coefficients 
determined at C T = 0.50 and a Reynolds number of 10 million are plotted as a 
Mach number for L the same three model-tunnel systems. There is a pronounced difference 
il thl Srlg-rtae Mach numbers between the TCT H/c • 4 and H/c - 8 ^ Jhat 
there Is a closer agreement between the TCT and CFWT H/c - 4 results. This suggests that 
there is a prevailing influence of the tunnel-height to model-chord ratio on the aero 
dSic claSritllcI considered here That the cause, for ^. differences in maximum 
lift and the drag-rise Mach number are of the same origin is substantiated by 

empirically correcting the Mach numbers for maximum lift , a£ ®“*^ t .^dll^This correc- 
difference in drag-rise Mach number relative to the small-chord TCT model. This corre 

tion results In a surprisingly good correlation in the max >" u " .iia^hlt^t'hlqhJJ lift 
left fiqure by the half-filled symbols. However, it must be noted that at higher lire 
coefficients this empirical procedure gives less satisfying, although qualitatively 
correct, results. 


, is plotted as a function of 

t 9 . _ . . i a. 


51 


Having reviewed examples of the primary effects of wind-tunnel walls on the maximum lift 
and drag rise characteristics, let us now consider the effects of Reynolds number on the 
same parameters . In FIG. 11 the maximum lift determined at a Mach number of 0.765 is 
plotted as a function of Reynolds number for the same model-tunnel systems just discussed. 
In addition results are shown at relatively low Reynolds numbers which were obtained in 
the DFVLR-TKG facility. The open symbols indicate transition free results, the half closed 
symbols show transition fixed data. The comparison again vividly demonstrates the dominant 
influence of the model-wind-tunnel system on the maximum lift parameter with the small 
height-to-chord ratio airfoils displaying the highest values of maximum lift. All of the 
model-tunnel configurations exhibit an increase in maximum lift with increasing Reynolds 
number up to the highest conditions investigated. However, there Is ah interesting differ- 
ence in the rate of increase with Reynolds number between the various model-tunnel set-ups. 
The two models in the slotted TCT display a similar gradient? the results obtained in the 
perforated CFWT and TKG tunnels are similar to each other but reflect a higher rate of 
change with Reynolds number. Since the free and fixed transition results show about the 
same dependence on Reynolds number, it is unlikely that differences in the transition 
fixing devices caused any significant change in the Reynolds number dependence of maximum 
lift. It can be assured then, that the difference noted in the family of slopes for the 
slotted and perforated tunnels is due to the effect of Reynolds number on the degree of 
wall interference effects. 

Turning to the second characteristic parameter, FIG. 12 presents the variation of the drag- 
rise Mach number at = 0.50 with Reynolds number for the two TCT models and the CFWT 

model. As in the case of the preceding maximum lift example, there is a pronounced 
difference in the Reynolds number dependence of the drag-rise Mach numbers determined for 
the TCT models and the CFWT model-tunnel system. For the TCT configurations, a slight 
decrease in the drag-rise Mach number is exhibited with increasing Reynolds number. An 
opposing trend is displayed for the CFWT airfoil, which shows a noticeable increase in the 
drag-rise Mach number with increasing Reynolds number. If it is assumed that the TCT 
results for these conditions represent the proper Reynolds number dependence, the in- 
crease in the drag-rise Mach number would suggest that the effective freestream Mach 
number in the CFWT decreases with increasing Reynolds number. If this assumption were 
correct, it would mean that the wind-tunnel walls behave in a more "open" fashion with 
increasing Reynolds number. This is supported by the previously shown results which 
indicated a much higher rate of increase in the maximum lift coefficient with Reynolds 
number for the CFWT model. It will also be noted here that the two TCT systems show about 
the same Reynolds number dependence even though there is a great difference in the aspect 
ratios, B/c, which substantiates that the differences in the drag-rise characteristics 
discussed here are primarily caused by the influence of the floor and ceiling and the 
associated effects of Reynolds number. 

Both, the drag-rise Mach number and the maximum lift coefficients reflect differences due 
to changes in Mach number which occur as a result of undesirable model-tunnel wall inter- 
ference effects. The unknown regarding Mach number can be eliminated by combining the drag 
rise and maximum lift parameters into a new parameter, the maximum lift at drag rise, 

?Lmax M n * In Fir; * n the maximum lift at drag rise parameter is plotted as a function 
ot Reynolds number for the two TCT and the CFWT model-tunnel systems. A review 

of the results indicates that when the maximum lift and drag rise characteristics are 
combined in this manner , all three model-tunnel systems exhibit essentially the same 
degree of dependence on Reynolds number. The slight scatter in the data is within the lift 
accuracy requirements quoted by an AGARD Conveners Group on "Data Accuracy and Flow 
Quality Requirements in Wind Tunnel s" [ 1 0 ] . These results provide a strong indication that 
for some wind tunnels, the Reynolds number dependence of certain aerodynamic parameters 
are, indeed, due in part to the influence of Reynolds number on the wall characteristics. 

In comparing the results for the TCT and CFWT tests it appears that perforated wall tunnels 
are much more susceptible to Reynolds number effects than slotted wall tunnels. It must, 
furthermore, be realized that it is not possible to eliminate this "pseudo" Reynolds 
number effect by simply calibrating the empty tunnel over the unit Reynolds number range 
of the facility. The actual flow characteristics of the partially open walls over the 
desired Reynolds number range must be determined but this represents a very rigorous 
process and does not always guarantee success. The only feasible way, short of adaptive 
walls, then seems to be to determine the wall boundary conditions as input to a suitable 
wall interference correction method. It must be stressed that actual Reynolds number 
effects on the airfoil flow development can only be determined after the proper elimina- 
tion of the wall interference effects at all conditions. 

"PURE" REYNOLDS NUMBER EFFECTS 

The third and final portion of this paper will deal with the interference-free Reynolds 
number effects on the aerodynamic characteristics of the airfoil. Although the wall inter- 
ference effects of the various model-tunnel systems cannot be ignored completely, they 
will only be considered in this portion of the paper to enable an analysis of the inter- 
ference-free trends in the aerodynamic characteristics. 

The angle -of -attack necessary to establish a given lift coefficient provides a good 
indication of the sensitivity of an airfoil to Reynolds number changes as well as of the 
difference in lift Interference effects between the various model-tunnel systems. In 
FIG. 14 (a), the angle-of-attack required to produce a lift coefficient of C = 0.55 at 
a Mach number of 0.765 is plotted as a function of Reynolds number for the twi TCT and 
the CFWT models. The transition fixed and the high Reynolds number results show a steady 
decrease in the incidence for C L - 0.55 up to the highest Reynolds number investigated. 
Considering fixed transition, the difference in the incidence angle at Re = 4 x 10^ 
between the H/c = 4 airfoils and the H/c = 8 TCT model is 0.5 degrees. This change in 
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incidence is reduced to about 0.36 degrees at a Reynolds number of Re = 40 x 10 6 . The very 
small change in the incidence angle between these Reynolds number extremes may be relate 
to wall interference effects. However, since this slight difference in angle-of-attack 
corresponds to a change in lift coefficient of only about 0.025, which is close to the 
desired lift accuracy requirement of ±0.01 [10), characteristic trends noted here and in 
the following figures can be considered to represent the "interference-free Reynolds 
number effects on the airfoil characteristics. Note, that in the case of low Reynolds 
number free transition the differences in incidence for C. * 0.55 between the respective 
model-tunnel configurations can not be reproduced. This is likely to be due to different 
transition point locations caused by the various levels of turbulence and model roughness 
for the different model-tunnel systems. 

in FIG. 14 (b) , results obtained in the DFVLR TKG and TWB facilities have been added to 
the angle-of-attack for constant lift results shown in the preceding figure. The TCT and 
CFWT turbulent boundary layer trends have been summarized here and are indicated by 
two lines. Both, the TKG and TWB results exhibit essentially the same trends in Reynolds 
number dependence as was determined in the TCT and CFWT facilities. It is clearly indi- 
cated by the large incidences shown for the TKG facility that the 6-percent open, per 
forated test section [4] is much too open for interference free testing. The TWB with a 
tunnel-height to model-chord ratio of only 3 produces results which are close to the 
results shown for the H/c = 8 TCT system. The TWB facility has slotted walls with an open 
area ratio of about 2.4 percent which have been optimized for zero blockage [5J . The TWB 
results suggest that the wall interference effects can be significantly reduced by 
properly ventilating the tunnel walls even in situations where the tunnel-height to model- 
chord ratios might be considered unacceptably low. 

Following the preceding discussion, FIG. 15 (a) then summarizes the "pure" effects of 
Reynolds number at a Mach number of 0.765 on lift at a given angle-of-attack for five 
different CAST 10-2 model-tunnel systems. The incidence angles, shown in the key for each 
model-tunnel set-up, were selected to provide about the same lift coefficient at Re = 

10 x 10 6 , transition fixed. When this procedure was followed, all of the transition fixed 
results fell within a relatively narrow band which corresponds to an accuracy in lift 
coefficient of about ± 0.01. With turbulent boundary layer conditions, i.e., either 

fixed transition or free transition at Re > 10 x 10 6 , the lift coefficients increase 
throughout the entire Reynolds number range extending from about 1.9 to 40 million. The 
total change in lift between these Reynolds number extremes is significant and amounts to 
an increment in C T of about 0.20 or 33 percent of the lift value at Re = 40 x 10 .This 
rather dramatic increase in lift is believed to be due to changes in the initial displace- 
ment thickness (fluid shape of the airfoil) with increasing Reynolds number and the 
resulting condition of the flow leaving the trailing edge of the airfoil [1]. This assumed 
effect is further demonstrated by the lift behavior of the transition free results deter- 
mined at the lower test Reynolds numbers. The transition point is initially far 'down- 
stream" resulting in a thin boundary layer and a correspondingly high lift coefficient. 

As the Reynolds number is increased, the transition point moves forward on the airfoil 
increasing the displacement thickness and, in turn, reducing the lift coefficient. This 
progression continues and slowly diminishes with increasing Reynolds number until the 
point of transition has reached a stable, nearly fixed position, close to the leading 
edge of the airfoil. The large differences in the low Reynolds number transition free 
results indicate a high susceptibility of the flow development to characteristics associ 
ated with the various model-tunnel systems such as wind tunnel noise, turbulence and 
model roughness. 

This summary suggests that it would be difficult to extrapolate the free transition 
results for this airfoil to full-scale conditions even if data were available up to a 
Reynolds number of Re = 30 x 10 6 . In the case of the fixed transition results where the 
progression of lift with Reynolds number is more systematic, an extrapolation from low 
to high Reynolds numbers seems possible; however, before reaching a general conclusion 
let us examine first the next figure. 

FIG. 15 (b) illustrates the dependence of lift on Reynolds number .for a second set of test 
conditions. Here, lift results are shown for the H/c * 4 TCT and CFWT model-tunnel 
systems at a Mach number of 0.75 and an angle-of-attack of a» 3 degrees. The lift be- 
havior at the lower Reynolds numbers is very similar to the results shown in the preceding 
figure; however, at Reynolds numbers between 10 and 20 million a reversal occurs in the 
Reynolds number dependency. It is obvious from this illustration that an extrapolation 
of low Reynolds number results to flight conditions would be impossible. This reversal, 
as revealed by the pressure distributions of FIG. 16, is caused by an "irregular" behavior 
of the upper surface shock which either ceases to move downstream or shifts upstream with 
increasing Reynolds number, FIG. 16b and 16 c. The phenomenon is not yet completely under- 
stood, although some indication might be obtained from the CFWT results. Since the trai- 
ling edge pressure continues to increase with Reynolds number, it appears that here the 
local effects due to a reduction in displacement thickness override the global effects 
associated with changes in the flow conditions at the trailing edge of the airfoil. It is 
worthwhile noting that both of the H/c - 4 TCT and CFWT model-tunnel systems reflect 

this type of lift dependence on Reynolds number. 
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Airfoil pertormance is always a subject of major interest to the aerodynamicist . This pre- 
sentation therefore will be concluded with what is considered to be the interference free 
variation of the well known aerodynamic range parameter * c i/ c d* M »*max with Reynolds 
number, the latter extending here from ambient wind tunnel to flight equivalent conditions 
for large transport class aircraft, FIG. 17. Since this particular performance parameter is 
highly dependent upon the drag levels near the drag-riBe Mach number, the empirical Mach 
number correction discussed earlier in this paper has been applied to the results for the 
three larger, i.e., H/c - 4 and 5, airfoil models. The adjusted results for the four model- 
tunnel systems exhibit a good agreement in the variation of the range parameter with Rey- 
nolds number. It is also interesting to note the surprisingly large variation in perfor- 
mance over the Reynolds number range of the tests which amounts to an increase in the range 
parameter of about 45 percent based on the value at Re * 40 x 10 ■ Here again, these results 
clearly indicate the difficulty in extrapolating performance data based on low Reynolds 
number characteristics. 

It will be noted that there is a slight decrease in the range parameter at Reynolds numbers 
between 30 and 40 million which is due to a drag increase in this Reynolds number range. 

The exact reason for this drag increase has not yet been established, but it does serve to 
illustrate the importance of testing at, and possibly slightly beyond, the design and off- 
design flight equivalent conditions. The ability to test at the high Reynolds number con- 
ditions, furthermore, enables experimental studies of complex basic phenomena, such as for 
instance shock boundary layer interactions, which cannot be modeled accurately with current 
theroretical methods. 


IV CONCLUSIONS 

An extensive study has been made of the CAST 10-2/DOA2 transonic airfoil in both ambient 
temperature and advanced cryogenic temperature wind tunnels at transonic Mach numbers over 
a large range of Reynolds numbers including flight equivalent conditions. The initial 
analysis of the extensive CAST 10-2 airfoil results has led to the following conclusions: 

1 . Certain classes of supercritical airfoils may exhibit a non-linear increase in lift 
which is at least in part related to viscous-inviscid interactions on the airfoil. 

This non-linear lift characteristic can be erroneously suppressed by wall interference 
effects in addition to being affected by changes in Reynolds number. 

2. Wind tunnel wall interference effects can be severe and completely overshadow a 
determination of the actual airfoil aerodynamic characteristics. Moreover, the 
degree of wall interference effects can be significantly afftfCted by changes in 
Reynolds number, thus appearing as "true" Reynolds number effects. 

3. Two-dimensional airfoil models and wind tunnels must be considered as a complete and 
totally integrated system for which all boundary conditions must be obtained. This 
approach can enable the separation of the complex and interrelated effects of the 
tunnel walls and the actual aerodynamic characteristics of the airfoil. 

4. "Real" Reynolds number effects on the CAST 10-2 airfoils have been determined and 
have been shown to be very appreciable. For instance, near the airfoil design con- 
dition, a 45 percent increase in the aerodynamic range parameter was observed when 
the Reynolds number was increased from 2 to 40 million. 

5. For certain classes of airfoils, an accurate extrapolation of low Reynolds number 
results to flight equivalent conditions seems not possible, making at least research 
facilities operating beyond flight equivalent Reynolds numbers necessary. 

The CAST 10-2 high Reynolds number results have provided new Insight into the aerodynamic 
behavior of this class of airfoils and have provided a valuable aid in the analysis of wall 
interference and Reynolds number effects. There are still many questions left unanswered? 
however, the analysis of the data is continuing and the forthcoming tests in cooperation 
between NASA, ONERA and DFVLR in advanced adaptive wall facilities will provide additional 
knowledge regarding the complex problems associated with wall interference and "true" 
Reynolds number effects. 
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FIGURE 1: Flow sensitivity 
to changes in the initial 
boundary layer condition 
(from REF. 1 ) 



FIGURE 2: CAST 10-2/DOA2 
characteristics 
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FIGURE 3 i CAST 10-2/DOA2 
test envelopes 


FIGURE 4: Effect of 
(a) model-wind-tunnel 
system and © Reynolds 
number on lift behavior 
(schematic) 
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FIGURE 5: Tunnel (side) wall 
effects on lift increase with 
Angle-of-attack 


FIGURE 6: Tunnel (side) 
wall effects on the 
chordwise pressure 
distribution (test cases 
of FIG. 5) 
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FIGURE 7: Effect of aspect ratio 
on the deviation from lift linearity 


FIGURE 8: Reynolds number 
effects on maximum lift 
non-linearity 
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FIGURE 9: Reynolds number effects 
on spanwise drag variation 
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FIGURE lit Effect of Reynolds 
number and mode 1-wind -tunnel 
system on maximum lift 


FIGURE 12: Effect of Reynolds 
number and model-wind-tunnel 
system on the drag-rise Mach 
number 
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FIGURE 13: Effect of Reynolds 
number on the maximum lift at 
drag rise 
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a. 0.3-m TCT and CFWT model- 
wind-tunnel configurations 


b. TWB and TKG model-wind-tunnel 
configurations 


FIGURE 14: Reynolds number dependence 
of the angle-of-attack for constant lift 
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FIGURE 15: Effect of Reynolds number on lift 











FIGURE 17? Effect of Reynolds number on 
the aerodynamic range parameter 
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